The Exceptional Supersymmetric (SUSY) Standard Model (E 6 SSM) predicts three have masses close to half the Z mass. In this case we find that the usual SM-like Higgs boson decays more than 95% of the time into either LSPs or NLSPs. The latter case produces a final state containing two leptons l + l − with an invariant mass less than or about 10 GeV. We illustrate this scenario with a set of benchmark points satisfying phenomenological constraints and the WMAP dark matter relic abundance. This scenario also predicts other light Inert chargino and neutralino states below 200 GeV, and large LSP direct detection cross-sections close to current limits and observable soon at XENON100.
Introduction
The discovery of the Higgs boson, the last missing piece in the Standard Model (SM) of particle physics, is one of the main goals of upcoming accelerators. It is expected that the Higgs particle will be detected at the Large Hadron Collider (LHC) in the near future.
The strategy for Higgs searches depends on the decay branching fractions of the Higgs boson to different channels. Physics beyond the Standard Model may affect the Higgs decay rates to SM particles and give rise to new channels of Higgs decays requiring a drastic change in the strategy for Higgs boson searches (for recent reviews of nonstandard Higgs boson decays see [1] ). In particular, there exist several extensions of the Standard Model in which the Higgs boson can decay with a substantial branching fraction into particles which can not be directly detected. Invisible Higgs decay modes may occur in models with an enlarged symmetry breaking sector (Majoron models, SM with extra singlet scalar fields etc.) [2] - [5] , in "hidden valley" models [6] , in the SM with a fourth generation of fermions [7] - [8] , in the models with compact and large extra dimensions [5] , [9] - [10] , in the littlest Higgs model with T-parity [11] etc.
1 .
Another example wherein invisible decay modes can occur is supersymmetry (SUSY), with the lightest Higgs boson decaying into the lightest SUSY particle (LSP). R-parity
conservation ensures the stability of the LSP so that the LSP can play the role of cold dark matter (CDM) [13] . In most scenarios the LSP is the lightest neutralino, a linear combination of neutral electroweak (EW) gauginos and Higgsinos. In some regions of the parameter space the lightest Higgs boson in the Minimal Supersymmetric Standard Model (MSSM) decays into the lightest neutralino with a relatively large branching ratio, therefore giving rise to invisible final states if R-parity is conserved [14] .
LEP and Tevatron data still allow the neutralino LSP to be sufficiently light that the decays of the lightest Higgs into these neutralinos is kinematically allowed. Light neutralinos can annihilate efficiently through a Z-pole resulting in a reasonable density of dark matter. Moreover the Cryogenic Dark Matter Search (CDMS) experiment recently reported the observation of 2 events possibly due to dark matter scattering with an expected background of about 0.8 events [15] . CDMS events suggest that the mass of the dark matter particles are around 40 − 80 GeV while their spin independent elastic cross section is σ SI ≈ few × 10 −44 cm 2 . If recent results of the CDMS experiment get confirmed then scenarios with invisible decays of the Higgs boson will become rather plausible.
Certainly the presence of invisible decays modifies considerably Higgs boson searches, making Higgs discovery much more difficult. If the Higgs is mainly invisible, then the 1 In the context of the so-called "nightmare scenario", in which the LHC produces nothing beyond the SM, Higgs decays into and interactions with dark matter particles were discussed in [12] .
visible branching ratios will be dramatically reduced, preventing detection in the much studied channels at the LHC and the Tevatron. In the case where invisible Higgs decays dominate it is impossible to fully reconstruct a resonance and it is very challenging to identify it at the collider experiments, i.e. quantum numbers remain unknown. At e + e − colliders, the problems related to the observation of the invisible Higgs are less severe [3] , [16] since it can be tagged through the recoiling Z. Presently, the LEP II collaborations exclude invisible Higgs masses up to 114.4 GeV [17] 2 .
On the other hand, Higgs searches at hadron colliders are more difficult in the presence of such invisible decays. Previous studies have analysed ZH and W H associated production [4] , [18] - [19] as well as ttH production [20] and ttV V (bbV V ) production [21] as promising channels. The possibility of observing an "invisible" Higgs boson in central exclusive diffractive production at the LHC was studied in [8] . Another proposal is to observe such an invisible Higgs in inelastic events with large missing transverse energy and two high E T jets. In this case the Higgs boson is produced by V V fusion and has large transverse momentum resulting in a signal with two quark jets with distinctive kinematic distributions as compared to Zjj and W jj backgrounds [10] , [19] , [22] .
Consideration of the possibility that the dominant Higgs decays will be invisible would lead to drastic changes in the strategy of Higgs boson searches. Therefore, it is a rather interesting subject of investigation as to the nature and extent of invisibility acquired by Higgs, and how it can be related to specific aspects of the models concerned, especially well motivated SUSY extensions of the SM. In this article, we consider the exotic decays of the lightest Higgs boson and associated novel collider signatures within the Exceptional Supersymmetric Standard Model (E 6 SSM) [23] - [24] . This E 6 inspired SUSY model is based on the low-energy Standard Model gauge group together with an extra U(1) N gauge symmetry under which right-handed neutrinos have zero charge. In the E 6 SSM the µ problem is solved in a similar way as in the Next-to-Minimal Supersymmetric Standard Model (NMSSM), but without the accompanying problems of singlet tadpoles or domain walls. Because right-handed neutrinos do not participate in the gauge interactions in this model they can be superheavy, shedding light on the origin of the mass hierarchy in the lepton sector and providing a mechanism for the generation of the baryon asymmetry in the Universe via leptogenesis [25] .
The particle spectrum of the E 6 SSM contains exotic matter. In particular, it involves three SM singlet superfields that have non-zero U(1) N charges. One of these singlets acquires a non-zero vacuum expectation value (VEV), breaking U(1) N symmetry and 2 Similar limits could apply to the case where the Higgs decays some fraction of the time into soft lepton pairs plus missing energy, as will be the case for some of the novel Higgs decays considered in this paper.
inducing the effective µ term and the masses of the the exotic fermions. The masses of the fermion components of the two other singlet superfields (Inert neutralinos) are also related to the VEVs of the Higgs doublets. Because the Yukawa couplings that determine the strength of these interactions are constrained by the requirement of the validity of perturbation theory up to the Grand Unification scale the masses of the corresponding Inert neutralinos are expected to be lighter than 60 − 65 GeV. As a result the lightest Inert neutralino tends to be the lightest SUSY particle in the spectrum. Such a neutralino can give an appropriate contribution to the dark matter density consistent with the recent observations if it has mass 35 − 50 GeV [26] . In this case the lightest Higgs boson decays predominantly into Inert neutralino whereas usual Higgs branching ratios are less than a few percent.
The layout of this paper is as follows. In Section 2 we briefly review the E 6 SSM. In Sections 3 and 4 the spectrum and couplings of the Inert neutralinos, charginos and Higgs bosons are specified. The novel decays of the lightest CP-even Higgs state and dark matter constraints are discussed in Section 5. In section 6 we discuss the benchmark points and the experimental constraints and predictions. Section 7 summarizes and concludes the paper.
Exceptional SUSY model
The E 6 SSM is based on the SU(3) C × SU(2) W × U(1) Y × U(1) N gauge group which is a subgroup of E 6 . The additional low energy U(1) N , which is not present either in the SM or in the MSSM, is a linear superposition of U(1) χ and U(1) ψ , namely
where the U(1) ψ and U(1) χ symmetries are defined by:
Thus the E 6 SSM can originate from an E 6 GUT gauge group which is broken at the GUT scale M X . The extra U(1) N gauge symmetry is defined such that right-handed neutrinos carry zero charges.
In E 6 theories the anomalies cancel automatically; all models that are based on the E 6 subgroups and contain complete representations of E 6 should be anomaly-free. Consequently, in order to make a supersymmetric model with an extra U(1) N anomaly-free, one is forced to augment the minimal particle spectrum by a number of exotics which, together with ordinary quarks and leptons, form complete fundamental 27 representations of E 6 . Thus the particle content of the E 6 SSM involves at least three fundamental representations of E 6 at low energies. These multiplets decompose under the SU(5) × U(1) N subgroup of E 6 as follows [27] :
The first and second quantities in brackets are the SU (5) Thus, in addition to a Z ′ corresponding to the U(1) N symmetry, the E 6 SSM involves extra matter beyond the MSSM that forms three 5 + 5 * representations of SU(5) plus three SU(5) singlets with U(1) N charges. The analysis performed in [28] shows that the unification of gauge couplings in the E 6 SSM can be achieved for any phenomenologically acceptable value of α 3 (M Z ) consistent with the measured low energy central value, unlike in the MSSM which, ignoring the effects of high energy threshold corrections, requires values of α 3 (M Z ) which are significantly above the experimentally measured central value.
The presence of a Z ′ boson and of exotic quarks predicted by the E 6 SSM provides spectacular new physics signals at the LHC which were discussed in [23] - [24] , [29] . Recently 3 We use the terminology "Inert Higgs" to denote Higgs-like doublets that do not develop VEVs.
the particle spectrum and collider signatures associated with it were studied within the constrained version of the E 6 SSM [30] .
In general, the E 6 symmetry does not forbid lepton and baryon number violating operators that result in rapid proton decay. Moreover, exotic particles in E 6 inspired SUSY models give rise to new Yukawa interactions that induce unacceptably large nondiagonal flavour transitions. To suppress these effects in the E 6 SSM an approximate Z
generating the masses of the quarks and leptons. Instead of v 1 and v 2 it is more convenient to use tan β = v 2 /v 1 and v = v
GeV. The VEV of the SM-type singlet field, s, breaks the extra U(1) N symmetry thereby providing an effective µ term as well as the necessary exotic fermion masses and also inducing that of the Z ′ boson. Therefore the singlet field S must acquire a large VEV in order to avoid conflict with direct particle searches at present and past accelerators. This also requires the Yukawa couplings λ i and κ i to be reasonably large. If λ i or κ i are large enough at the GUT scale they affect the evolution of the soft scalar mass m 2 S of the singlet field S rather strongly resulting in a negative value of m 2 S at low energies which triggers the breakdown of the U(1) N symmetry.
Note that the surviving components from the 27 ′ and 27 ′ manifest themselves in the Yukawa interactions (3) as fields with lepton number L = ±1. The corresponding mass term µ ′ L 4 L 4 in the superpotential (3) is not involved in the process of electroweak symmetry breaking (EWSB). Moreover this term is not suppressed by the E 6 symmetry.
Therefore the parameter µ ′ remains arbitrary. Gauge coupling unification requires µ ′ to be below about 100 TeV [28] . Thus we assume that the scalar and fermion components of the superfieldsL 4 andL 4 are very heavy so that they decouple from the rest of the particle spectrum.
Although Z H 2 eliminates any problems related with baryon number violation and nondiagonal flavour transitions it also forbids all Yukawa interactions that would allow the exotic quarks to decay. Since models with stable charged exotic particles are ruled out by various experiments [31] the Z H 2 symmetry must be broken. At the same time, the breakdown of Z H 2 should not give rise to operators that would lead to rapid proton decay. There are two ways to overcome this problem: the Lagrangian must be invariant with respect to either a Z L 2 symmetry, under which all superfields except leptons are even (Model I), or a Z B 2 discrete symmetry, which implies that exotic quark and lepton superfields are odd whereas the others remain even (Model II). If the Lagrangian is invariant under the Z L 2 symmetry, then the terms in the superpotential which permit exotic quarks to decay and are allowed by the E 6 symmetry can be written in the form
that implies that exotic quarks are diquarks. If Z B 2 is imposed then the following couplings are allowed:
In this case baryon number conservation requires the exotic quarks to be leptoquarks.
Inert charginos and neutralinos
From here on we assume that Z 
where A αβ are 3 × 3 sub-matrices given by [26] : 
where C αβ are 2 × 2 sub-matrices. From Eqs. (7)- (9) one can see that in the exact Z H 2 symmetry limit the spectrum of the Inert neutralinos and charginos in the E 6 SSM can be parametrised in terms of
In other words the masses and couplings of the Inert neutralinos are determined by 12
Yukawa couplings, which can be complex, tan β and s. Four of the Yukawa couplings mentioned above, i.e. λ αβ , as well as the VEV of the SM singlet field s set the masses and couplings of the Inert chargino states. Six off-diagonal Yukawa couplings define the mixing between the two families of the Inert Higgsinos and singlinos.
In the following analysis we shall choose the VEV of the SM singlet field to be large enough (s 2400 GeV) so that the experimental constraints on Z ′ boson mass (M Z ′ 865 GeV) and Z − Z ′ mixing are satisfied. In order to avoid the LEP lower limit on the masses of Inert charginos the Yukawa couplings λ αβ are chosen so that all Inert chargino states are heavier than 100 GeV. In addition, we also require the validity of perturbation theory up to the GUT scale and that constrains the allowed range of all Yukawa couplings.
The theoretical and experimental restrictions specified above set very strong limits on the masses and couplings of the lightest Inert neutralinos. In particular, our numerical analysis indicates that the lightest and second lightest Inert neutralinos are always light. 
The diagonal Inert Yukawa approximation
In order to clarify the results of our numerical analysis, it is useful to consider a few simple cases that give some analytical understanding of our calculations. In the simplest case when all off-diagonal Yukawa couplings vanish, considered in [26] ,
the mass matrix of Inert neutralinos reduces to the block diagonal form while the masses of the Inert charginos are given by
In the limit where f α =f α one can easily prove using the method proposed in [32] that there are theoretical upper bounds on the masses of the lightest and second lightest Inert neutralino states. The corresponding theoretical restrictions are
The value of µ α decreases with increasing |m χ | and tan β, Eq. (12) simplifies resulting in
Eqs. (12)- (13) demonstrate that the upper bound on the mass of the lightest Inert neutralino also depends on the values of Yukawa couplings f α andf α . For relatively small values of tan β, the theoretical restrictions on f α andf α , due to the requirement that the perturbation theory is valid up to the GUT scale, become weaker with increasing tan β.
However, at large values of tan β the upper bounds on |m χ 0 α | become rather small according to Eqs. (12)- (13). When tan β tends to unity, µ 2 α also decreases because the constraints on f α andf α become more and more stringent. The theoretical restrictions on |m χ 0 α | achieve their maximal value around tan β ≃ 1.5. For this value of tan β the requirement of the validity of perturbation theory up to the GUT scale implies that f 1 =f 1 = f 2 =f 2 are less than 0.6. As a consequence the lightest Inert neutralinos are lighter than 60 − 65 GeV
The Inert neutralino mass matrix (7)- (8) can be diagonalized using the neutralino mixing matrix defined by
In the limit where off-diagonal Yukawa couplings vanish and λ α s ≫ f α v,f α v the eigenvalues of the Inert neutralino mass matrix can be easily calculated (see [26] ). The masses of the four heaviest Inert neutralinos are set by the masses of Inert chargino states
≃ ±m χ
The masses of the two lightest Inert neutralinos are determined by the values of the
These are naturally small and hence good candidates for being the LSP and NLSP since m χ ± α ∼ s from Eq. (11) and hence m χ 0 α ∼ v 2 /s as observed in [26] .
Again one can see that the masses of the lightest Inert neutralino states decrease with increasing tan β and chargino masses. In this approximation the lightest Inert neutralinos are made up of the following superposition of interaction states
where
From Eq. (18) 
In the case where off-diagonal Yukawa couplings go to zero while λ α s ≫ f α v,f α v the relative couplings of the lightest and second lightest Inert neutralino states to the Z-boson are given by
Eq. (20) demonstrates that the couplings of χ 
∆ 27 and pseudo-Dirac lightest neutralino states
In order to provide an explanation of the origin of the aproximate Z H 2 symmetry that singles out the third family of Higgs doublets and singlets, and to account for tri-bimaximal mixing and other features of the quark and lepton spectrum, a ∆ 27 family symmetry has been applied to the E 6 SSM [33] 4 . The addition of a ∆ 27 family symmetry implies an Inert neutralino mass matrix with A 11 ≈ A 22 ≈ 0, where A αβ are defined in Eq. (7), leading to approximately degenerate lightest neutralino states with a pseudo-Dirac structure.
When all flavour diagonal Yukawa couplings λ αα , f αα andf αα exactly vanish, i.e.
A 11 = A 22 = 0, all Inert Higgsinos and singlinos form Dirac states. In this limit the Lagrangian of the E 6 SSM is invariant under a U(1) global symmetry. The fermion components of the Inert Higgs superfields transform under this symmetry as follows:
(21) 4 The corresponding mass terms come from the product (3 × 3 × 3 f )(3 ×3 In the above limiting case the lightest Inert neutralino is a Dirac state formed predominantly byS 1 andS 2 . In this case the LSP and its antiparticle have opposite charges with respect to the extra global U(1) and this might lead to so-called asymmetric dark matter (ADM) [35] - [37] . In the framework of the ADM scenario there can be an asymmetry between the density of dark matter particles and their antiparticles in the early universe similar to that for ordinary baryons. This may have a considerable effect on the relic density calculations [36] . In particular, if an asymmetry exists between the number density of dark matter particles and their antiparticles in the early universe, then one can get an appreciable dark matter density even if the dark matter particle-antiparticle annihilation cross section is very large like in the case of baryons. Moreover if most of the dark matter antiparticles are eliminated by annihilation with their particles then such an ADM scenario does not have the usual indirect signatures associated with the presence of dark matter (e.g. there is no high energy neutrino signal from annihilations in the Sun etc.). At the same time, a relatively high concentration of dark matter particles can build up in the Sun altering heat transport in the solar interior and affecting the low energy neutrino fluxes [37] .
In practice the ∆ 27 scenario tells us that we are somewhat away from the above limiting case, with a broken global U(1) symmetry leading to almost degenerate pseudo-Dirac lightest neutralinos, where the relic density of the LSP can be calculated by standard methods. It will turn out that the LSP cannot be too light (must be of order M Z /2) in order not to have too high a cosmological relic density. At the same time we will see that the two lightest neutralinos cannot be too heavy in order for perturbation theory to be valid up to the GUT scale. In practice this means that in realistic scenarios the two lightest Inert neutralino states are rather close in mass. The ∆ 27 scenario provides a natural explanation of this successful neutralino mass pattern. It is worth noting that the results from the previous section can be reinterpreted in terms of this scenario. Specifically in the case where A 11 = A 22 = 0 and A 21 = A 12 a block diagonalisation of the Inert neutralino mass matrix (7) yields A 22 → A
. This only corresponds to a redefinition of the generations 1 and 2 and does not mix fields of different hypercharge. This provides the following dictionary between these two scenarios: λ
Rewriting the Inert neutralino mass matrix in this block diagonal form also makes it clear that the R Z12 coupling vanishes in this limit, as it did in the subsection (3.1).
Scenario with one light family of Inert Higgsinos
Another limit that it is worth considering corresponds to the case where one pair of Inert Higgs doublets decouples from the rest of the spectrum. This occurs when either the corresponding states are extremely heavy ( 1 TeV) 
The masses of the lightest and second lightest Inert neutralinos, which are predominantly superpositions of the Inert singlinosS 1 andS 2 , are given by
From Eq. (23) 
where tan 2θ = (f 11 f 21 +f 21 f 11 )/(f 21 f 21 −f 11 f 11 ). Again from Eqs. (24) it follows that R Z11 , R Z22 and R Z12 are typically small since m χ ± α ∼ s from Eq. (11) and hence they are proportional to v 2 /s 2 . However this assumes the lightest Inert chargino is rather heavy. Alternatively the couplings may be small due to a cancellation between different contributions in Eqs. (24), and/or the f-couplings being small (i.e. m χ 0
The simple hierarchical structure of the spectrum of the Inert neutralinos considered above allows us to highlight an interesting scenario which does not normally appear in the simplest SUSY extensions of the SM such as the MSSM and NMSSM. Whenf 11 = f 21 = 0 the diagonal entries of the mass matrix (22) 
2 . In fact if the E 6 SSM possess such an exact U(1) global symmetry, then the spectrum of the Inert neutralinos contains a set of Dirac states only.
5 Similar results can be obtained for f 11 =f 21 = 0
Higgs masses and couplings
The presence of light Inert neutralinos in the particle spectrum of the E 6 SSM makes possible the decays of the Higgs bosons into these exotic final states. In this and the next section we argue that such decays may result in the modification of the SM-like Higgs signal at current and future colliders. Since our main concern in this paper is the decays of the SM-like lightest Higgs boson, we shall ignore the effects of the Inert Higgs scalars and pseudoscalars which do not mix appreciably with the scalar sector responsible for EWSB.
We also assume that all the Inert bosons are heavier than the SM-like Higgs boson.
The sector responsible for the EWSB in the E 6 SSM includes two Higgs doublets H u and H d as well as the SM singlet field S. The Higgs effective potential can be written in the following form:
where g 2 , g ′ = 3/5g 1 and g ′ 1 are the low energy SU(2) W , U(1) Y and U(1) N gauge couplings whileQ 1 ,Q 2 andQ S are the effective U(1) N charges of H d , H u and S. The term ∆V represents the contribution from loop corrections to the Higgs effective potential.
Initially the EWSB sector involves ten degrees of freedom. However four of them are massless Goldstone modes which are swallowed by the W ± , Z and Z ′ gauge bosons that gain non-zero masses. In the limit where s ≫ v the masses of the W ± , Z and Z ′ gauge bosons are given by
When CP-invariance is preserved the other degrees of freedom form two charged, one CP-odd and three CP-even Higgs states. The masses of the charged and CP-odd Higgs bosons are
where ∆ ± and ∆ A are the loop corrections.
The CP-even Higgs sector involves Re H 0 d , Re H 0 u and Re S. In the field space basis (h, H, N), rotated by an angle β with respect to the initial one,
the mass matrix of the CP-even Higgs sector takes the form [38] :
In Eq. (29) the ∆ ij represent the contributions from loop corrections which in the leading one-loop approximation are rather similar to the ones calculated in the NMSSM 6 . Since the minimal eigenvalue of the mass matrix (28)- (29) (28)- (29) has a hierarchical structure and can be diagonalised using the perturbation theory [38] - [40] . In this case the masses of the heaviest Higgs bosons are closely approximated by the diagonal entries M 
Combining all these expressions together one obtains an effective Lagrangian that describes the interactions of the Inert neutralinos with the CP-even Higgs eigenstates
where i, j = 1, 2, ...6 and m = 1, 2, 3. In Eq. ( (31) become much more simple in the case of the hierarchical structure of the Higgs spectrum.
In this case U ij is almost an identity matrix. As a consequence, the couplings of the SM-like Higgs boson to the lightest and second lightest Inert neutralino states are approximately given by
where γ, σ = 1, 2, labeling the two light, mostly Inert singlino states. 
These simple analytical expressions for the couplings of the SM-like Higgs boson to the lightest and second lightest Inert neutralinos are not as surprising as they may first appear. When the Higgs spectrum is hierarchical, the VEV of the lightest CP-even state is responsible for all light fermion masses in the E 6 SSM. As a result we expect that their couplings to SM-like Higgs can be written as usual as being proportional to the mass divided by the VEV. We see that this is exactly what is found in the limit of |m χ 0 σ | being small.
Novel Higgs decays and Dark Matter

Higgs decay widths
The interaction Lagrangian (31) gives rise to decays of the lightest Higgs boson into Inert neutralino pairs with partial widths given by
The partial widths associated with the exotic decays of the SM-like Higgs boson (34) have to be compared with the Higgs decay rates into the SM particles. When the SM-like
Higgs state is relatively light (m h 1 140 GeV) it decays predominantly into b-quark and τ -lepton pairs. The partial decay width of the lightest CP-even Higgs boson into fermion pairs is given by (for recent review see [42] )
Eq. (35) can be used for the calculation of the lightest Higgs decay rate into τ -lepton pairs.
In this case the coupling of the lightest CP-even Higgs state to the τ -lepton normalized to the corresponding SM coupling, i.e. g h 1 τ τ , is given by
For a final state that involves b-quarks one has to include the QCD corrections. In particular, the fermion mass in Eq. (35) 
). Here we neglect radiative corrections that originate from loop diagrams that contain SUSY and exotic particles 7 .
From Eqs. (33)- (35) one can see that in the E 6 SSM the branching ratios of the SM-like
Higgs state into the lightest and second lightest Inert neutralinos depend rather strongly on the masses of these exotic particles. When the lightest Inert neutralino states are 7 Radiative corrections that are induced by SUSY particles can be very important particularly in the case of the bottom quark at high values of tan β (for a review, see [44] 
Dark matter
More stringent constraints on the masses of the lightest Inert neutralino can be obtained if we require that this exotic state accounts for all or some of the observed dark matter relic density which is measured to be Ω CDM h 2 = 0.1099 ± 0.0062 [45] . If a theory predicts a greater relic density of dark matter than this then it is ruled out, assuming standard pre-BBN cosmology. A theory that predicts less dark matter cannot be ruled out in the same way but then there would have to be other contributions to the dark matter relic density.
In the limit where all non-SM fields other than the two lightest Inert neutralinos are heavy ( TeV) the lightest Inert neutralino state in the E 6 SSM results in too large a density of dark matter. As we noted in Section 3,χ 0 1 is usually composed of Inert singlino and has a mass (Eq. (16)) which is inversely proportional to the charged Higgsino mass.
Thus in this limit it is typically very light |m χ 0 σ | ≪ M Z . As a result the couplings of the lightest Inert neutralino to gauge bosons, the SM-like Higgs state, quarks and leptons are quite small leading to a relatively small annihilation cross section forχ 0 1χ 0 1 → SM particles. Since the dark matter number density is inversely proportional to the annihilation cross section at the freeze-out temperature (see, for example [46] ) the lightest Inert neutralino state gives rise to a relic density that is typically much larger than its measured value.
Thus in the limit considered the bulk of the E 6 SSM parameter space that leads to small masses ofχ 0 1 is ruled out. The situation changes dramatically when the mass of the lightest Inert neutralino increases. In this case the Higgsino components ofχ 0 1 become larger and as a consequence the couplings ofχ 0 1 to the Z-boson grow [26] . A reasonable density of dark matter can be obtained for |m χ 0 σ | ∼ M Z /2 when the lightest Inert neutralino states annihilate mainly through an s-channel Z-boson, via its Inert Higgsino doublet components which couple to the Z-boson. It is worth noting that ifχ 0 1 was pure Inert Higgsino then the s-channel Z-boson annihilation would proceed with the full gauge coupling strength leaving the relic density too low to account for the observed dark matter. In the E 6 SSM the LSP is mostly Inert singlino so that its coupling to the Z-boson is typically suppressed, since it only couples through its Inert Higgsino admixture leading to an increased relic density.
In practice, the appropriate value of Ω CDM h 2 can be achieved even if the coupling ofχ [26, 47] . Thus scenarios which result in a reasonable dark matter density correspond to lightest Inert neutralino masses that are much larger than m b (m h 1 ), and hence the SM-like Higgs has very small branching ratios into SM particles.
Benchmarks, constraints and predictions
In order to illustrate the features of the E 6 SSM mentioned in the previous section, we shall specify a set of benchmark points (see Tables 1 -2) . For each benchmark scenario we calculate the spectrum of the Inert neutralinos, Inert charginos and Higgs bosons as well as their couplings, the branching ratios of the decays of the lightest CP-even Higgs state and the dark matter relic density. In order to calculate the dark matter relic density we use numerical methods. In particular, MicrOMEGAs 2.2 [48] is used to numerically compute the present day density of dark matter. This includes the relevant (co-)annihilation channel cross sections and the LSP freeze-out temperature. MicrOMEGAs achieves this by calculating all of the relevant tree-level Feynman diagrams using CalcHEP.
The CalcHEP model files for the considered model are generated using LanHEP [49] . The MicrOMEGAs relic density calculation assumes standard cosmology in which the LSP was in equilibrium with the photon at some time in the past.
Benchmark scenarios
In order to construct benchmark scenarios that are consistent with cosmological observations and collider constraints we restrict our considerations to low values of tan β 2. ≃ 100 − 200 GeV. As clarified in Section 3 and in [26] , the masses of the lightest inert neutralino states decrease with increasing m χ
and it is therefore rather difficult to find benchmark scenarios consistent with cosmological observations for m χ At the same time we demonstrate (see benchmark point (ix) in Table 2 ) that one light Inert chargino mass eigenstate is enough to ensure that the lightest inert neutralino state gains a mass of the order of M Z /2.
To obtain the kind of Inert neutralino and chargino spectrum discussed above one has to assume that some or all of the couplings λ αβ are rather small, e.g. they are expected to be much smaller than f αβ andf αβ . On the other hand in order to get
the Yukawa couplings f αβ andf αβ need to be relatively close to their theoretical upper bounds which are caused by the requirement of the validity of perturbation theory up to the GUT scale. Since gauge coupling unification determines the RG flow and low energy value of g ′ 1 the mass of the Z ′ gauge boson is set by the VEV of the singlet field s only.
In our study we choose s = 2400 GeV so that the Z ′ mass is about 890 GeV. This value of the Z ′ boson mass is just above the present lower bound of 865 GeV set by CDF [50] and allows satisfaction of stringent limits on the Z ′ mass and Z − Z ′ mixing that come from precision EW tests [51] .
Since we restrict our analysis to low values of tan β 2 the mass of the SM-like Higgs boson is very sensitive to the choice of the coupling λ. Stringent LEP constraints require λ(M t ) to be larger than the low energy value of g ′ 1 ≃ 0.47. If we try to increase λ(M t ) much further, then the theoretical upper bounds on f αβ andf αβ become substantially stronger.
As a consequence, it is rather difficult to find solutions with |m χ 0
Therefore in our analysis we concentrate on values of λ(M t ) 0.6. In addition, we set stop scalar masses to be equal to m Q = m U = M S = 700 GeV and restrict our consideration to the so-called maximal mixing scenario when the stop mixing parameter we choose in our analysis result in the extremely hierarchical structure of the Higgs spectrum, as pointed out in Section 4 (see also [23] ). In Tables 1-2 The set of the benchmark points that we specify demonstrates that one can get a reasonable dark matter density consistent with the recent observations if
Our benchmark scenarios also indicate that in this case the SM-like Higgs boson decays predominantly into the lightest inert neutralinos (χ 1 and χ 2 ) while the total branching ratio into SM particles varies from 2% to 4%.
The benchmark points (i), (ii), (iv), (v) and (viii) are motivated by a non-Abelian family symmetry ∆ 27 which describes well the observed hierarchy in the quark and lepton sectors. As was discussed in Section 3 these scenarios imply that all flavour diagonal Yukawa couplings λ αα , f αα andf αα are rather small. Due to the approximate global U (1) symmetry (21), that originates from the family symmetry ∆ 27 , the spectrum of Inert neutralinos involves a set of pseudo-Dirac states. When the masses of the lightest and second lightest Inert neutralinos are close or they form a Dirac state then the decays of h 1 into χ α χ β will not be observed at the LHC. Thus these decay channels give rise to a large invisible branching ratio of the SM-like Higgs boson.
In Tables 1-2 we presented a few benchmark scenarios (i), (ii), (iv)-(vi), (ix) with almost degenerate lightest and second lightest Inert neutralinos. In some of these benchmark points both lightest Inert neutralinos are lighter than M Z /2. Thus the Z-boson can decay into χ α χ β so that the lightest and second lightest Inert neutralino states contribute to the invisible Z-boson width. In other benchmark scenarios both of the lightest Inert neutralinos have masses above M Z /2 and the decays Z → χ α χ β are kinematically forbidden.
When the LSP and NLSP are close in mass, LSP-NLSP co-annihilations may be an important factor in determining the dark matter relic density. If this is the case then the LSP-NLSP mass splitting should be an important factor. Since annihilations of two like-neutralinos are p-wave suppressed, one should compare βR Z11 with R Z12 when trying to determine how important co-annihilations are, where β is the relative speed of the incoming particles, approximately 1/6. It is useful to consider the following situations.
With the LSP and NLSP almost degenerate and with equal self-annihilation cross-sections, but a negligible co-annihilation cross-section, the relic density of dark matter would be twice what it would have have been if the NLSP had not been present. If, alternatively, the co-annihilation cross-section was equal to the self-annihilation cross-sections, the existence of this extra channel would lead to a lower relic density. In this case it would in fact be equal to the relic density calculated in the absence of the NLSP. In this way, in such a scenario where co-annihilations and self-annihilations are about as important as each other, the relic density is largely independent of the LSP-NLSP mass splitting.
For the benchmark scenarios (i) and (ii) this latter situation is approximately the case and the LSP-NLSP mass splitting turns out not to be an important factor. The mass splitting is in fact small, about half a GeV, but if it were larger and the NLSPs were made to have frozen-out much earlier, the relic density would only be decreased slightly (by about a tenth). In benchmark scenario (iv), even though the LSP and NLSP are close in mass, co-annihilations are unimportant due to the small value of R Z12 . In this case increasing the NLSP mass substantially while keeping everything else fixed would lead to an approximate halving of the predicted relic density, since the NLSPs would have decoupled much earlier than, rather than at the same time as, the LSPs. The only other benchmark scenario where the LSP and NLSP are close enough in mass for co-annihilations to be potentially important is scenario (ix). Here co-annihilation is in fact the dominant process and changing the LSP-NLSP mass splitting would have a large effect on the predicted relic density. In fact, in this scenario, if the NLSP were not present the predicted relic density would be within the measured range.
If the mass difference between the second lightest and the lightest Inert neutralino is 10 GeV or more, then some of the decay products of a χ 2 that originates from a SM-like Higgs boson decay might be observed at the LHC. In our analysis we assume that all scalar particles, except for the lightest Higgs boson, are heavy and that the couplings of the Inert neutralino states to quarks, leptons and their superpartners are relatively small.
As a result the second lightest Inert neutralino decays into the lightest one and a fermionantifermion pair mainly via a virtual Z. In our numerical analysis we did not manage to of Ω CDM h 2 . Hence we do not expect any observable jets at the LHC associated with the decay of a χ 2 produced through a Higgs decay. However, it might be possible to detect some lepton-antilepton pairs that come from the decays h 1 → χ 2 χ α . In particular, we hope that µ + µ − pairs that come from the exotic decays of the lightest CP-even Higgs state mentioned above can be observed at the LHC.
In Tables 1-2 
Neutralino and chargino collider limits
The remarkable signatures discussed above raise serious concerns that they could have already been observed at the Tevatron and/or even earlier at LEP. For example, the light Inert neutralino and chargino states could be produced at the Tevatron [52] . Recently, the CDF and D0 collaborations set a stringent lower bound on chargino masses using searches for SUSY with a trilepton final state (i.e. trilepton signal) [53] . These searches ruled out chargino masses below 164 GeV. However this lower bound on the chargino mass was obtained by assuming that the corresponding chargino and neutralino states decay predominantly into the LSP and a pair of leptons. In our case, however, the Inert neutralino and chargino states are expected to decay via virtual Z and W exchange, i.e. they decay predominantly into the LSP and a pair of quarks. As a consequence the lower limit on the mass of charginos that is set by the Tevatron is not directly applicable to the benchmark scenarios that we consider here. Instead in our study we use the 95% C.L.
lower limit on the chargino mass of about 100 GeV that was set by LEP II [54] .
In principle LEP experiments also set constraints on the masses and couplings of neutral particles that interact with the Z-boson. As mentioned above when the masses of χ 1 and χ 2 are below M Z /2 they are almost degenerate and thus the decays of Z into 
All three terms in Eq. (38) 
where N exp ν = 2.984 and σ exp = 0.008 [55] . [57] . Unfortunately, the bounds are not directly applicable for our study because OPAL limits were set for a relatively heavy χ 
Dark matter direct detection
Another constraint on the couplings of the lightest Inert neutralino comes from experiments for the direct detection of dark matter. Recently the CDMSII and XENON100
collaborations have set upper limits on the weakly interacting massive particle (WIMP)-nucleon elastic-scattering spin-independent cross section [15] , [58] . The XENON100 Collaboration claims a limit on the spin-independent cross section of 3.4 × 10 −44 cm 2 for a 55 GeV WIMP. This limit remains fairly constant for lower WIMP masses and does not increase above about 4 × 10 −44 cm 2 even for the lowest LSP masses that are consistent with our thermal freeze-out scenario. Since in the E 6 SSM the couplings of the lightest Inert neutralino to quarks (leptons) and squarks (sleptons) are suppressed, the χ 0 1 -nucleon elastic scattering, which is associated with the spin-independent cross section, is mediated mainly by the t-channel lightest Higgs boson exchange. Thus in the leading approximation the spin-independent part of χ 0 1 -nucleon cross section in the E 6 SSM takes the form [59, 60] 
Here for simplicity we assume that the lightest Higgs state has the same couplings as the Higgs boson in the SM and ignore all contributions induced by heavy Higgs and squark exchange 8 . Due to the hierarchical structure of the particle spectrum and the approximate Z H 2 symmetry this approximation works very well. Using the experimental limits set on σ SI and Eqs. (41) one can obtain upper bounds on X h 1 11 [62] . In Tables 1-2 we specify the interval of variations of σ SI for each benchmark scenario.
As one can see from Eq. (41) the value of σ SI depends rather strongly on the hadronic matrix elements, i.e. the coefficients f N T q , that are related to the π-nucleon σ term and the spin content of the nucleon. The hadronic uncertainties in the elastic scattering cross section of dark matter particles on nucleons were considered in [59, 63] . In particular, it was pointed out that f N T s could vary over a wide range. In Tables 1-2 the lower limit on σ SI corresponds to f N T s = 0 while the upper limit implies that f N T s = 0.36 (see [60] ). From is less than 100 KeV [61] . Since in all of the benchmark scenarios considered here the corresponding mass splitting is substantially larger the inelastic scattering of χ Since in all of the benchmark scenarios presented in Tables 1-2 the lightest Inert neutralino is relatively heavy (|m χ 0 1 | ∼ M Z /2), allowing for a small enough dark matter relic density, the coupling of χ 0 1 to the lightest CP-even Higgs state is always large giving rise to a χ 0 1 -nucleon spin-independent cross section which is of the order of or larger than the experimental upper bound. However it is worth keeping in mind that the obtained experimental limits on σ SI are not very robust [64] . Moreover, CDMS II and XENON100 quote 90% C.L. upper bounds while the 95% confidence level bounds are larger by a factor of 1.3 . By the same token the 99% C.L. and 99.9% C.L. upper bounds, which are associated with 2.6 and 3.3 standard deviations, are expected to be 2 and 3 times larger than the 90% C.L. bounds respectively. Following these estimates it is clear that the benchmark scenarios presented in Tables 1-2 cannot yet be ruled out by either XENON100 or CDMS II. However in the near future the expected new analysis from XENON100 may either confirm or refute our scenario.
Summary and Conclusions
In this paper we have considered novel decays of the SM-like Higgs boson which can occur within a particular dark matter motivated scenario of the Exceptional Supersymmetric Standard Model (E 6 SSM). This model implies that at high energies the E 6 GUT gauge group is broken to the SM gauge group together with an additional U(1) N gauge group under which right-handed neutrinos have zero charge. To ensure anomaly cancellation and gauge coupling unification, the low energy matter content of the E 6 SSM includes three 27 representations of E 6 and a pair of SU (2) To satisfy LEP constraints we restricted our consideration to scenarios with relatively heavy Inert chargino states, i.e. m χ ± 1,2 100 GeV. In our analysis we also required the validity of perturbation theory up to the GUT scale which sets stringent constraints on the values of the Yukawa couplings at low energies. Using these restrictions we argued that the lightest and the second lightest Inert neutralinos (χ to Z. The above scenario naturally emerges when a ∆ 27 family symmetry is included in the E 6 SSM [33] . The family symmetry was not introduced for this purpose, instead it was introduced earlier to provide an explanation of the Z H 2 symmetry and to account for the quark and lepton masses and mixings, including tri-bimaximal neutrino mixing. It is therefore encouraging to find that the same symmetry leads to a spectrum of inert pseudoDirac neutralinos which allows for a successful dark matter relic abundance, and also predicts novel Higgs decays. The ∆ 27 family symmetry also implies two almost degenerate families of D-fermion states [33] and in addition may have interesting consequences for B-physics [65] . As discussed in subsection (3.2) Higgs boson decays predominantly into the lightest inert neutralino states and has very small branching ratios (2% − 4%) for decays into SM particles. We have illustrated this, together with the other phenomenological aspects of the dark matter motivated scenario considered in this paper, by presenting a set of benchmark points in Tables 1-2 . If the masses of the lightest and second lightest Inert neutralinos are very close then the decays of h 1 into χ α χ β will not be observed at the LHC giving rise to a large invisible branching ratio of the SM-like Higgs boson. When the mass difference between the second lightest and the lightest Inert neutralinos is larger than 10 GeV the invisible branching ratio remains dominant but some of the decay products of χ 2 might be observed at the LHC.
In particular, there is a chance that µ + µ − pairs could be detected. Since the branching ratios of h 1 into SM particles are extremely suppressed, the decays of the SM-like Higgs boson into l + l − + X could be important for Higgs searches.
In conclusion, the E 6 SSM predicts three Higgs families plus three Higgs singlets, where one family develop VEVs, while the remaining two which do not are called Inert. This pattern of Higgs VEVs is due to a broken Z H 2 symmetry whose origin can be understood from a ∆ 27 family symmetry. The model can account for the dark matter relic abundance if the two lightest Inert neutralinos, identified as the LSP and NLSP, have masses close to half the Z mass, with a pseudo-Dirac structure as predicted by the ∆ 27 family symmetry. Within this scenario we find that the usual SM-like Higgs boson decays more that 95% of the time into either LSPs or NLSPs, with the latter case producing a final state containing two soft leptons l + l − with an invariant mass less than or about 10 GeV.
We have illustrated this with a set of benchmark points satisfying phenomenological constraints and the WMAP dark matter relic abundance. This scenario also predicts other 
